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ABSTRACT
Aim An increasingly important component of invasive species management
involves the formal assessment of risks associated with particular species
becoming invasive and causing impact. We evaluated recent developments in
risk assessment (RA) for alien species, with special emphasis on species-based
pre-border assessments for intentional introductions. Our aim was to identify
important advances and key challenges.
Location Global.
Methods A literature review was done to determine which approaches have
been developed and fine-tuned over the last two decades, which of these have
worked best and which are most widely used. We identified priorities for
improving our ability to assess risks.
Results The review is divided into sections on various types and foci of RAs:
invasion stage, taxon, ecosystem, assessment method and impact type. RAs for
plants are the most advanced, with the Australian Weed Risk Assessment
(A-WRA) being the most widely applied and tested protocol. Based on the
history of the A-WRA, we highlight advances that have been made in assessing
risk of alien species for pre-border control and identify remaining challenges.
Main conclusions Currently available RAs have proven to be cost-effective,
but there is room for substantial improvement. Further work is needed to sepa-
rate likelihood and consequence more explicitly, and provide better and more
objective means for assessing risks of impact. Types and levels of uncertainty
need to be more effectively incorporated. Advanced RA protocols are needed
for taxa other than plants and vertebrates. The latest insights from research in
invasion ecology need to be incorporated, and advances in other fields must
also be taken into account.
Keywords
Australian Weed Risk Assessment, biological invasions, consequence, impact,
invasiveness, invertebrates, likelihood, plants, risk assessment, vertebrates,
WRA.
INTRODUCTION
Species introduced to areas outside their native ranges are a
growing threat to biodiversity worldwide. Although many
alien species are essential for survival and others bring
diverse benefits to human societies, a small proportion of
alien species become invasive and may damage ecosystems
and economies (Pysek & Richardson, 2010). Management of
invasive species requires multifaceted interventions, one of
them being to prevent the introduction of new species with
a high risk of becoming invasive. Objective and accurate
screening is crucial as prevention is the most cost-effective
intervention (Keller et al., 2007a) and because there is no
sign that rate of introductions is slowing (Hulme et al.,
2009).
Levels of uncertainty concerning establishment and espe-
cially invasion success of alien species are generally high, and
factors determining success differ between taxa and are con-
text-specific (e.g. Mack, 1996; Richardson & Pysek, 2012).
Multiple layers of uncertainty make the evaluation of alien
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species well suited to consideration within the paradigm of
RA as such inherent complexity demands formal, objective
and transparent procedures for conceptualizing, elucidating
and evaluating components of risk. Formal RA protocols also
provide the means for compartmentalizing and attaching lev-
els of uncertainty to different elements of risk (e.g. Koop
et al. 2012). For invasion science (Kueffer & Hirsch Hadorn,
2008; Richardson, 2011), formal RA also provides a frame-
work for ‘book-keeping’ and identifying priorities for further
research. In the context of open trade, restrictions of the
movement of species between countries require officially rec-
ognized RA standards. Under the World Trade Organisation
(WTO) Agreement on the Application of Sanitary and
Phytosanitary Measures (SPS Agreement), three such stan-
dards are recognized: the Office International des Epizooties
(OIE), the Codex Alimentarius Commission (human health)
and the International Plant Protection Convention (IPPC).
Importantly, hardly any RA systems for alien species follow
any of these rules completely (but see EPPO, 2011).
However, governments are increasingly seeing the need for
preventing potentially harmful alien species from being
introduced, and the requirement for formal RA protocols is
becoming embedded in legislation in many parts of the
world (McGeoch et al., 2010). This is also leading to the
fine-tuning of previously developed protocols to better serve
the needs set out in different legal instruments.
This paper aims to: (1) provide an overview of different
RA approaches for alien species developed around the world
and for different taxa, (2) assemble key aspects of success
and failure relating to different facets of RA and to (3) sug-
gest priorities for research to improve the effectiveness of RA
protocols. Furthermore, based on the history of the Austra-
lian Weed Risk Assessment (A-WRA), we discuss advances
that have been made in assessing risk of alien species for
pre-border control and highlight remaining challenges for
alien plant and animal RAs.
METHODS
An extensive literature search was conducted using publica-
tions listed in the ISI Web of Knowledge, references cited in
these papers and key contributions in the grey literature. We
only considered publications which describe, suggest, use or
adapt RAs (risk assessment defined here as a part of the risk
management process, assessing the potential of an alien spe-
cies to establish, spread and cause impact in the target area)
for species-based pre-border control. Such RAs cover inten-
tional introductions triggered by permit application for the
importation of species. We only considered RAs dealing with
plant and animal introductions. RAs for microorganisms and
fungi are not included. Very little work has been done on
developing species-based RAs for these groups. Also, many
of these species are pathogens, which are covered by plant-,
animal- and human health sectors (e.g. Cook & Proctor,
2007; McKenzie et al., 2007; EPPO, 2011) and therefore
outside the scope of this paper.
We screened each RA for information on (1) invasion
stage, (2) taxon, (3) the type(s) and number of ecosystems
considered, (4) assessment method, and (5) impact type. We
discuss each of these aspects in the following sections and
identify priorities for future research.
INVASION STAGE
Species pass through different stages in the invasion contin-
uum (Blackburn et al., 2011). Some RAs look at the risk of
introduction (e.g. Campbell, 2009), others look at establish-
ment (e.g. Kolar & Lodge, 2002). Many RAs, however, do
not distinguish clearly between stages or they look at ‘weedi-
ness’ or ‘invasiveness’ (e.g. Pheloung et al., 1999). However,
different factors influence the success of a given species or
population at each stage (Dawson et al., 2009; Leung et al.,
2012; Kumschick et al., 2013). Any attempt to predict the
success of an introduced species or population therefore
needs to define the stages under consideration.
TAXON
Most RAs for alien species are taxon-specific (Kolar & Lodge,
2002), meaning that plants, vertebrates and invertebrates are
usually assessed in separate RAs. Work on RAs for alien spe-
cies largely reflects the attention given to different taxa in the
invasion literature in general (Pysek et al., 2008). Generally,
more research has been done on species with higher impacts
(Heikkil€a, 2011). A few RAs are, however, multitaxon
oriented (Brunel et al., 2010; Essl et al., 2011), allowing for
the same RA to be used for several taxa. Such RAs assume
that all invaders share certain general traits, trait-combina-
tions or trait-environment interactions (‘syndromes’) that
distinguish them from non-invaders.
In the following section, we present key aspects of some of
the most widely used/cited RAs for different taxa.
Plants
Introduction of plants can happen in many different ways.
They can be introduced as fully grown plants (e.g. ornamen-
tals), in which case RA is relatively straightforward. However,
introduction in the form of seeds, deliberately or as contami-
nants, is common and raises problems like proper species
identification and detection in the first place. Another poten-
tial issue is the differentiation of cultivars, hybrids, geneti-
cally engineered organisms, etc. that may have different
probabilities of invasion, but which may be difficult to regu-
late differentially. Even though RA for plants are more
advanced than those for other taxa performing the assess-
ment is not always simple for these reasons.
The literature on invasion ecology is dominated by botani-
cal studies, with close to 50% of case studies on invasive spe-
cies dealing with higher plants (Pysek et al., 2008). As
expected, therefore, more RA frameworks have been devel-
oped for plants than for any other major group. All vascular
1096 Diversity and Distributions, 19, 1095–1105, ª 2013 John Wiley & Sons Ltd
S. Kumschick and D. M. Richardson
plants are often assessed together in the same RA, although
some RAs for plants cover specific biomes or certain groups
of plants (e.g. Tucker & Richardson, 1995; Reichard &
Hamilton, 1997; Champion & Clayton, 2001).
By far the most widely used RA framework for plants is
the A-WRA system (Pheloung et al., 1999). This semiquanti-
tative system comprises 49 questions which produce a score
according to which species are classified as ‘accepted for
import’, ‘evaluate further’ or ‘rejected’. The accuracy of the
A-WRA (i.e. its capacity to correctly identify invasive spe-
cies) is usually high, ranging from an average of 80% weeds
rejected (Weber et al., 2009) to 90% major invaders correctly
identified (Gordon et al., 2008). The A-WRA has been
adapted for use in regions of the world outside Australia and
New Zealand for which it was developed (e.g. Kato et al.
2006; Gordon et al., 2008; Nishida et al. 2009) and extended
to reduce the number of species in the ‘evaluate further’ cat-
egory (Daehler et al., 2004). Key developments in the use of
the A-WRA (Appendix S1 in Supporting Information) are
outlined in more detail in the Discussion.
The A-WRA has proven inadequate for aquatic plants (e.g.
Gordon & Gantz, 2011). Therefore, Champion & Clayton
(2000, 2001) developed a system specifically for aquatic plant
introduced to New Zealand, which has been adapted and
proven useful for the United States (Gordon et al., 2012).
The system developed by Reichard & Hamilton (1997) is a
decision tree for woody plants developed for the United
States. Despite some clear errors in selecting ‘non-invasive’
species in the training set (Rejmanek et al., 2005), this semi-
quantitative system works fairly well in identifying invasive
woody plants in North America, but does not perform well
for Central Europe (Krivanek & Pysek, 2006) and Hawaii
(Daehler & Carino, 2000). Furthermore, it does not take into
account the suitability of tested species to climatic conditions
in the new range, and the misclassification rate for establish-
ment success is therefore increased.
The EPPO decision-support scheme was initially developed
for the plant health sector but also includes potential pest
plants. It is widely applied in Europe for assessing the risk of
introducing pests (Brunel et al., 2010; EPPO, 2011). Accord-
ing to IPPC standards (FAO, 2013), it assesses probability of
entry, establishment, spread and impact. Kenis et al. (2012)
provide guidance for assessing environmental impacts of
quarantine species.
Vertebrates
Vertebrates have been mainly introduced as pets, livestock
and game, as well as to ‘improve’ local faunas, with release
and escape being the main mechanisms (Hulme et al., 2008).
In contrast to other taxa like plants, they are mainly intro-
duced as adults due to their life cycles, and detection is gen-
erally easier because of their larger size. Only rarely are
vertebrates contaminants of other introduced goods; this
makes RA for this group theoretically more straightforward
than for other groups.
Box 1: How important and reliable is climate
matching for assessing the risk of establishment
and invasion?
Close climate matching is generally a fundamental require-
ment for invasive success. A close match between the
climate in native and introduced ranges is usually associ-
ated with high levels of establishment success and invasive
behaviour across taxa (Hayes & Barry, 2008). However,
introduced species may sometimes occupy distinct climatic
niches in the introduced range compared to areas where
they are native, particularly when they have invaded highly
modified environments (Broennimann et al., 2007; Galla-
gher et al., 2010; Roura-Pascual et al., 2011). Substantial
climatic niche shifts are, however, rare in terrestrial plant
invaders (Petitpierre et al., 2012). Climate matching is a
powerful tool in RA for invasive species management, but
should not be the only predictor used to determine whether
a species is likely to establish in a new region. Matching
should consider climatic conditions in the native range as
well as conditions in introduced ranges in other parts of the
world, if the species has been introduced elsewhere
(Broennimann & Guisan, 2008).
Richardson & Pysek (2012) reviewed key questions
relating to the role of climate (and broader ‘environmental
matching’ that is considered in some RA schemes) at
different stages and phases of the invasion continuum.
Most screening models, while explicitly acknowledging the
pivotal role of climate matching, use very crude metrics for
scoring the level of matching between native and novel
ranges (discussion in van Wilgen et al., 2009). Many
protocols lump broad-scale (macro) climatic parameters
and diverse other abiotic factors to score the degree of
‘environmental matching’, again mostly without elabora-
tion of the driving mechanisms and processes (Drake &
Lodge, 2006). Furthermore, most RAs are not specific on
the methods to be used to assess climatic suitability for the
species in the new range (e.g. Pheloung et al., 1999; but see
Bomford, 2008).
The EPPO scheme assesses host distribution, area of
potential impact as well as climatically suitable areas
(EPPO, 2011). Several problems with mapping have been
identified within the framework of PRATIQUE (www.
pratiqueproject.eu) and solutions have been suggested (e.g.,
Kriticos et al., 2012). Furthermore, it has been suggested to
combine such maps to get a better estimate of the area at
risk (Baker et al., 2012).
Fewer RA schemes have been developed for assessing inva-
siveness of vertebrates than for plants, and those that have
been proposed have not been as widely applied (Appendix
S2 in Supporting Information). As for plants, one of the
most extensive systems for assessing the risk of alien verte-
brates was developed for Australia and (partly) New Zealand.
Bomford (2008) developed slightly differing models to
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evaluate establishment success of mammals and birds, rep-
tiles and amphibians, and freshwater fish to be introduced to
Australia (and New Zealand, for mammals and birds). These
models all include climate matching as a fundamental pre-
dictor of establishment success (Bomford et al., 2009)
(Box 1). They first quantitatively assess the risk of establish-
ment success and reject all species with high risk; remaining
species are assessed semiquantitatively in more detail for
their risk of becoming pests. As far as we know, these RA
schemes have only been applied in Australia (Massam et al.,
2010; Henderson & Bomford, 2011).
The Aquatic Nuisance Species Task Force (1996) devel-
oped a system that is divided into likelihood of establishment
and spread and likelihood of impact. This system therefore
fits into a general RA framework, but needs additional
guidance for consistent usage. It has been developed for the
United States and applied to snakes (Reed & Rodda, 2009).
Other RAs for vertebrates are listed in Appendix S2.
Unlike the most important RAs for plants, RAs for verte-
brates have not been applied and tested widely (but see
Henderson & Bomford, 2011; van Wilgen & Richardson,
2012). Their accuracy level might also be lower because of a
smaller ‘sample size’; there are fewer vertebrate species than
plants, and therefore also fewer species are transported and
introduced outside of their native range. Working with such
lower number of introduced vertebrates than plants makes
prediction of further invaders more difficult and therefore
less accurate.
Invertebrates
Most RAs for invertebrates do not cover all invertebrate
groups. Various RAs have been developed either for a smaller
group within invertebrates (e.g. ants, Ward et al., 2008;
molluscs, Keller et al., 2007b) or for plant pests, including
certain invertebrates (e.g. EPPO, 2011).
Importantly, for invertebrates, the main intentional intro-
ductions are for the purpose of biocontrol. In these cases, the
RAs focus on experimental tests of agent specificity to the tar-
get pest (Box 2). Introduction as contaminants in containers
and other unintentional introductions are also critical for
these groups. However, we focus on RA for species (as
opposed to pathways) which are most useful when the intro-
duction is intentional (e.g. for import permit applications).
Box 2: Special cases of risk assessment for alien
species: Biological control agents and biofuel
plants as examples
All organisms to be introduced should be subjected to
normal pre-border RA, and should not be allowed to enter
a region if substantial risk of invasiveness and/or impact is
indicated. Special cases like biological control agents and
plant species introduced for the production of biofuel need
to undergo some form of additional screening to further
elucidate dimensions of risk to inform management or
mitigation procedures.
Biological control agents are assessed in much more
detail than other intentionally introduced species (e.g.
Zimmermann et al. 2004). Legislation in most countries
requires the risk of impacts on non-target organisms and
the potential effects on the pest species to be assessed
experimentally. This is in contrast to other introductions of
alien species, where only empirical data from the literature
is collated without the requirement for additional data
gathering.
Almost every plant species mentioned in the burgeoning
literature on biofuels is either known to be invasive or, in
cases where the species has not been widely planted, has the
potential to become invasive. High-risk plant species are
likely to be approved for biofuel production in some
regions. Consequently, RA procedures need to inform
strategies for cultivation practices and policies for surveil-
lance and monitoring to mitigate potential impacts due to
invasiveness.
ECOSYSTEM SPECIFICITY
Some RAs for alien species focus on certain ecosystems,
mostly aquatic (freshwater and marine) systems. For exam-
ple, Ricciardi & Rasmussen (1998) deal with aquatic organ-
isms in general, including fishes, aquatic plants and mussels
in the same RA system. Similarly, see Campbell (2009) and
Dahlstrom et al. (2011) for reviews of marine RAs. Other
systems narrow the scope of assessment by focusing on
selected taxa within a specific ecosystem (e.g. Kolar & Lodge,
2002). A broader applicability of these RAs might be very
limited as the assessment was done under such a narrow
range of environmental conditions. These RAs are species-
based, but are specifically designed for a particular ecosystem
and the species within this system. However, they might be
more accurate than RAs that are designed to be applicable
across multiple ecosystems, as they only deal with factors
that are important for one particular ecosystem/region. For a
pre-border RA, however, it seems more practical to aim for
protocols can be applied to any kind of ecosystem.
The most widely used RA for alien species thus set out to
evaluate risk across a wide range of ecosystems (e.g. Phe-
loung et al., 1999; Bomford, 2008; EPPO, 2011). Considering
the broad and varying conditions in different ecosystems, it
seems surprising that these RAs nevertheless have a high
accuracy when it comes to flagging potentially harmful
species (e.g. the A-WRA on average rejecting 80% to 90% of
weeds). However, it suggests that incorporating the myriad
of specific interactions between particular species and
features of given ecosystems might not be essential for iden-
tifying species with a high risk of becoming invasive. This in
turn suggests that a very general form of ‘invasiveness’ or
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‘weediness’ (i.e. syndromes or traits that contribute to persis-
tence, proliferation and spread in disturbed environments) is
being identified in such models, and that RAs which are use-
ful for more than one of the above described taxa might be
useful (see Discussion).
ASSESSMENT METHOD
Three main methodological approaches for RA can be found
in the literature: qualitative, semiquantitative and quantita-
tive. Because the majority of RAs include some kind of
impact assessment that is usually qualitative, most RAs are at
least semiquantitative. Furthermore, most RAs evaluate
establishment success of a species using mainly quantitative
methods, but use qualitative measures for the evaluation of
potential for impact.
Few RAs are either fully qualitative or fully quantitative.
Qualitative RAs are generally based on expert knowledge and
are undertaken by expert-decision panels based on their
experience (Fowler, 2004). Quantitative RAs usually aim to
evaluate establishment success of species to be introduced
(e.g. Kolar & Lodge, 2002; van Wilgen et al., 2009).
Scoring systems, usually semiquantitative, are often applied
for evaluating risk. The two most widely used RAs worldwide
(Pheloung et al., 1999; Bomford, 2008) use simple scoring
systems. Several approaches for evaluating scores have been
adopted. The summed score can be categorized (as in
Pheloung et al., 1999), or can be presented on a continuous
scale that allows ranking according to invasion potential (e.g.
Parker et al., 2007; Koop et al. 2012). The rationale, and
strengths and weaknesses of different scoring systems are
discussed in Box 3.
Box 3: Scoring systems in species-based risk assess-
ments for alien species
Many RAs for alien species include some kind of scoring,
either of impact or other factors (e.g. traits more likely to
lead to establishment result in a higher score than those less
obviously correlated with establishment success). The
rationale for the weights assigned to different factors and
cut-off levels are not always explained and have been the
subject of debate and deliberation.
The A-WRA (Pheloung et al., 1999), the RA tested most
widely for plants around the world (Gordon et al., 2008; see
also Appendix S1), uses a scoring system to assess the risk of
a species of becoming weedy. However, it is debatable
how meaningful the cut-off levels are for purposes and
conditions other than the ones for which the system was
developed. In the case of the A-WRA, it was found that
cut-off levels originally defined were not very accurate for
aquatic plants (Champion & Clayton, 2000, 2001; Gordon
& Gantz, 2011), and generally that too many species were
placed in the category of ‘evaluate further’ (see Daehler
et al., 2004 for second screening of unclassified species). In
some cases, different cut-off levels may be appropriate for
different assessment regions (e.g. Nishida et al. 2009; test of
A-WRA for Japan). Consequently, before applying an RA
system in a region outside that for which it was originally
designed, sensitivity analyses need to be done to explore the
influence of different cut-offs and to validate outputs. More
attention should be given to assessing the influence of
weights assigned to primary and secondary indices in
scoring systems, for example using the Analytic Hierarchy
Process (e.g. Ou et al., 2008).
Another approach used in RAs for invasiveness is to evaluate
establishment/invasion potential with decision trees (e.g. Rei-
chard & Hamilton, 1997). The advantage of such trees is that
they are usually relatively easy to use as they only require yes/
no answers. However, in case of knowledge gaps, the decision
tree RA can in many cases not be completed. This is usually
not the case in a scoring system, although some systems define
a minimum number of questions to be answered to arrive at a
conclusion (e.g. Pheloung et al., 1999).
One caveat of scoring is that weightings and cut-off levels
are crucial and must be carefully chosen and re-evaluated for
each new country/region/situation where a given RA system
is applied. More information in this regard appears in Box 3.
Not only selection of appropriate cut-off levels, but also test-
ing of RA accuracy can be improved. A crucial point is that
when testing an RA for accuracy, the test group should not
be part of the group initially used to populate the RA, and
the generally low base-rate of alien species’ success needs to
be taken into account (Lonsdale & Smith, 2001).
IMPACT TYPE
Many RAs include some kind of impact assessment in the
evaluation process. However, different sets of impact are
included, and what exactly is meant by ‘impact’ differs
between systems. The lack the consistency in approaches for
defining and quantifying impacts in invasion ecology in gen-
eral (Hulme et al., 2013) is acutely reflected in RAs for inva-
sive species. Some RAs focus on environmental impact (e.g.
Essl et al., 2011), whereas others also take into account some
aspects of socio-economic impacts (e.g. EPPO, 2011).
Many RAs evaluate whether a species has had impacts else-
where, in the native range or in other regions where it has been
introduced. This measure is then used as an indication of
whether a species is likely to replicate such impacts in the new
region. However, such assessments must be handled with care
(Box 4). Furthermore, if we want to assess the full risk of a
species, we need to incorporate all possible risks of impact into
the RA (e.g. Kumschick et al., 2012). Generally, how to
effectively incorporate impact into RA and how to predict
impact need to be studied more thoroughly (Pysek et al.,
2012; Simberloff et al., 2013), and better metrics for capturing,
categorization and quantification of impact are urgently
needed.
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Box 4: How useful is it to consider ‘invasive success
elsewhere’ and/or ‘impact elsewhere’ in risk assess-
ments for alien species?
The performance of a species elsewhere, either in its native
range or in other regionswhere it is introduced, is widely used
to assess the likelihood of the species establishing, becoming
invasive, and having impact. Where a species has a history of
introduction, use, and dissemination in areas outside its
native range, its performance in these areas (i.e. whether it has
become invasive where it has had sufficient opportunities) is
a good predictor of its potential invasiveness in other areas
(e.g. Panetta, 1993; Gordon et al., 2008).With the increasing
availability of global syntheses and databases, it is becoming
easier to answer the question ‘invasive elsewhere?’ that is
included inmost RAs for alien species. Such a question is only
useful if the species in question has been introduced to
environmentally similar regions in other regions and has had
enough time to become established or invasive. Such a caveat
is not always given sufficient weight in RAs (but see e.g.
Bomford, 2008 for evaluation of climate match to areas with
susceptible native species or communities). ‘Impact else-
where’ is generally a good predictor of impact in the new
introduced range (Hayes & Barry, 2008) and is widely used in
RAs (e.g. Bomford, 2008). Whether an introduced species
will have negative impacts and how severe these could be are
however dependent on many factors, including habitat
characteristics and species composition in the introduced
range. For example, one could ask whether the endangered
species with which an introduced species is known to
hybridise is present in the target region, or in neighbouring
countries; see Smith et al. (2005) for the example of the ruddy
duck, Oxyura jamaicensis in Spain/UK. Impact elsewhere
should not be ignored in the assessment of risk of a species to
be introduced into a new area. However, it should be possible
to make a decision without having to evaluate impact
elsewhere, and this factor should not be the main factor
leading to a decision of acceptance or rejection of a species.
Furthermore, assessment of likelihood to establish/spread
and impact (the consequence of establishment) is in most
cases assessed with the same scoring system, and the scores
are summed. This effectively implies that these two parts of
RA are substitutable which is clearly not the case as impact
relies on establishment and potentially spread (without estab-
lishment and spread there is no impact). The two factors
should therefore be assessed in separate steps of the RA
process (e.g. Koop et al. 2012). Daehler & Virtue (2010)
describe a possible way to implement this separation with
the A-WRA.
DISCUSSION
Invasion biologists seek to explain why some introduced spe-
cies are more successful than others at a given locality.
Almost all RAs for screening species for invasiveness are
based on such research, thereby applying a retrospective,
deductive approach as the foundation for assessing risk of
invasiveness (Hayes & Sliwa, 2003; Kolar, 2004). In other
words, RAs for alien species are generally built around
knowledge about determinants of establishment and invasion
success of past introduction events. They do not systemati-
cally explore standard elements of risk (see Daehler & Virtue,
2010 for definitions of terms), namely likelihood of the con-
sequence (in our case, likelihood of the hazard to establish
and spread) and consequences (impact) (but see Aquatic
Nuisance Species Task Force 1996; Koop et al. 2012).
The main focus in the development of species-based RA
for pre-border assessments has been on the usability and
adaptability of certain schemes to other areas and taxa,
rather than improving accuracy in the original area and on
general improvements to the structure of the RA protocol to
provide a more systematic evaluation of aspects of risk.
As there is no such comprehensive documentation on ani-
mal RA as there is for plants, we focus on plants in the fol-
lowing sections of the discussion. However, the conclusions
drawn from plant RAs are also applicable to animal RAs.
Based on the history of the A-WRA (Appendix S1 in Sup-
porting Information), we have highlighted advances which
have been made in RA for alien species since the first legal
implementation of such a system (details on the studies
mentioned in this paragraph appear in Appendix S1 in Sup-
porting Information). The A-WRA is highly accurate as orig-
inally developed, and its accuracy and predictive power have
been further increased by adding a second screening for spe-
cies in the ‘evaluate further’ category (one study), extending
the system for aquatics (three studies), specifying the usage
of climate matching (one study) and the system in general
(one study). Furthermore, the choice of cut-off levels has
been evaluated (four studies). The A-WRA is transferable to
many very diverse regions (13 studies) and taxa (three stud-
ies), and is applicable for special cases among introduced
species (Box 2), like biofuels (three studies). It can be used
for purposes other than pre-border control, for example, as
prioritization tool for management (two studies) or for path-
way analysis (one study). Furthermore, it can be accommo-
dated within a standard RA set-up to separate likelihood and
consequence components of risk (three studies).
The weaknesses detected in the original system are that (i)
aquatic species need a separate RA system, (ii) many species
are classified as ‘evaluate further’, (iii) cut-off levels for the
different categories of risk are not constant for different pur-
poses and (iv) levels of risk for some closely related taxa can-
not be determined (e.g. Acacia; Wilson et al., 2011).
However, all these points except the last one have been dealt
with, and refinements have improved the usefulness of the
system. Furthermore, point (iv) might not be considered a
weaknesses of the system, but rather reflects that in some
cases, separating species into low and high risk species on
the basis of the questions asked in systems such as the
A-WRA is not particularly meaningful. In the case of the
Acacia example mentioned above, current evidence suggests
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that all taxa are potentially invasive (Gibson et al., 2011) and
that historical outcomes of introduction (and therefore the
notions of invasive versus non-invasive) are determined by
factors other than those captured in systems such as the
A-WRA (Castro-Dıez et al., 2011).
For taxa other than plants, similar issues as detected in the
A-WRA could play a role: for example, similar to (i) (see
above) aquatic animals are usually evaluated in separate sys-
tems from their terrestrial relatives (e.g. aquatic invertebrates,
Tricarico et al., 2010), (iii) cut-off levels for accepting/reject-
ing a species always need to be evaluated for new conditions
(see also Box 3) and (iv) because closely related species share
many of the traits evaluated in RAs, distinguishing their
invasion potential is a problem for all taxa.
Many RAs have been developed since the first implemen-
tation of the A-WRA in 1997, many of them building on the
A-WRA model. However, in direct comparison, other sys-
tems are usually less accurate in rejecting invaders and
accepting non-invaders (e.g. Krivanek & Pysek, 2006). It is
therefore strongly recommended that before a new system is
implemented in practice, its performance should be tested
against already existing ones, especially the A-WRA in the
case of plants, and also potentially for other taxa. Due to the
long implementation period of this system compared to oth-
ers, and the high interest it has generated in the invasive spe-
cies research community, many (potential) problems of the
system have been identified and (at least partly) solved.
Scope for improvement
Species-based RA protocols are lacking for some taxa like
certain invertebrates. More research is needed to determine
invasion success of these understudied taxa, so that such
insights can be fed into existing RAs for other taxa (e.g.
the A-WRA), or lead to the development of new RA systems.
All possible taxa need to be covered by RA for pre-border
control to be more effective and applicable.
Approaches for tallying scores/results for different modules
of RA procedures to arrive at meaningful estimates of risk of
invasion are often arbitrary. Cut-off levels (low risk/high
risk) might not be constant for different purposes (such as
different regions or taxa), and rigid, widely applied cut-offs
are unlikely to stand up to questioning in courts of law.
These need to be subjected to sensitivity analyses to deter-
mine how different combinations of factors affect the out-
come of assessments under different circumstances. They
need to be rigorously tested and regularly updated, and
adapted for new taxa and/or regions (Box 3).
Impact is too arbitrarily incorporated in RAs in many
cases. For example, impact is evaluated with reference to
‘undesirable traits’ in the A-WRA. Strong evidence is emerg-
ing that impacts are generated by the interaction of species
traits, features of the environment and other factors (e.g.
Dick et al., 2013). It is clearly unrealistic to expect the risk
of impacts to be adequately captured by scores based on lists
of ‘undesirable traits’. One approach is to identify traits
correlated with impact, as has been done for birds and mam-
mals (Nentwig et al., 2010; Kumschick et al., 2013). There is
much scope for transferring such insights into RA protocols.
Furthermore, the often qualitative nature of impact descrip-
tions can lead to inconsistencies between different assessors.
To prevent such problems, impact-scoring systems have been
developed in an attempt to standardize impact assessment
(e.g. Kumschick & Nentwig, 2010; Kumschick et al., 2012).
Generally, accuracy, consistency and transparency of impact
assessments in RAs need to be improved (see e.g. Kenis
et al., 2012; Box 4).
Taxon specificity
The lack of RA systems for certain taxa is a concern. In some
cases, systems developed for well-studied taxa have been
adapted for application for understudied taxa (e.g. using the
A-WRA for aquatic invertebrates), and some RAs are explicitly
developed for use across multiple taxa. This raises the question
of how important it is to develop taxon-specific RA schemes.
Justification for the taxon-scope of given RA protocols is lar-
gely lacking. Possible reasons for this include the general sepa-
ration of biological research into botany, zoology and
microbiology, leading to specialization of invasion biologists
in these fields. Several examples show that RAs can indeed be
broad enough to be applied successfully across a wide range of
taxa, sometimes with modifications. The EPPO (2011) deci-
sion-support scheme, developed for plant health protection,
can be used for several disparate groups, like plants, certain
invertebrates and fishes. Surprisingly, also the A-WRA (origi-
nally developed exclusively for plants) has, with minor modifi-
cations, been useful for assessing the invasion potential of
fishes (Copp et al., 2005) and invertebrates in aquatic systems
(Tricarico et al., 2010). Even though plants and animals have
radically different life cycles and life-history traits, those with
the potential to spread (and also those that cause impacts)
seem to share features that distinguish them from those that
do not establish, spread or cause impacts. Correlates of such
‘universal invasiveness’ require further study.
Philosophical underpinnings
The purpose of pre-border RA for alien species is to reduce
the likelihood of the intentional introduction of potentially
harmful species into a given region. Although RAs like the
A-WRA have proved cost-effective in their current form
(Keller et al., 2007a; Springborn et al., 2011), there is much
room for improvement in the accuracy of such RA protocols.
It is important to recognize that such systems will never be
perfect. There are several fundamental reasons for this.
Firstly, the RA systems reviewed in this paper are built on
the foundation of empirical evidence of past invasions. It is
unrealistic to expect perfect (or perhaps even very good) pre-
dictions based on the reconstruction of historical introduc-
tions and invasions. This is because every element of
invasions – for example, the scale and make-up of species
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movements, the individual and collective roles of different
drivers of invasion – is changing rapidly, and the value of
expecting invasions of the future to follow similar trajectories
of those in the past is tenuous (‘the ghost of invasion past
problem’; Kueffer et al., 2013). Major advances in RA for
alien species will rely on improved insights on mechanistic
roles of major drivers and determinants of success at each
stage of the invasion continuum and of impacts, rather than
correlative insights based on historic combinations that are
unlikely to be relevant into the future. In the interim, it
seems sensible to expect RA protocols like those reviewed in
this paper to offer only pointers to likely scenarios. Such
uncertainty, and ways of accommodating it in formulating
management strategies, is a key challenge for research on
biological invasions. Precautionary approaches are essential.
Other sectors have a longer history of RAs and therefore
more experience; such insights need to be drawn into research
on invasive alien species to inform key areas of RA. For exam-
ple, the plant health sector assesses similar issues to those that
are relevant for invasive alien species – many plant pests are
alien species (EPPO, 2011). Many of the abovementioned
problems are being addressed or have been dealt with in the
plant health sector. For example, the incorporation of uncer-
tainties (Holt et al., 2012) and impact (Kenis et al., 2012;
Bremmer et al., 2012) in the EPPO scheme, and the achieve-
ment of higher consistency (Schrader et al., 2012) are consid-
ered. All these improvements have been studied within the
framework of PRATIQUE (Baker, 2012; www.pratique
project.eu) and most could be easily adapted to apply to RAs
for invasive alien species – some already include certain
aspects of invasion (e.g. Kenis et al., 2012 include impact
assessment for pest plants). So, as important as it is for spe-
cialists of different taxonomic groups to work together, it is
also crucial to seek solutions for some issues from fields of
research other than invasion ecology.
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